A simplified energy-water prototype model has been developed at the National Energy Technology Laboratory (NETL) as a part of a larger effort to comprehensively model energy-water interactions. The NETL Water-Energy Model (NWEM) prototype passively couples a variety of data on water supply, water availability, and power plant water use with the National Energy Modeling System (NEMS) power generation forecasts. NWEM operates at a watershed level and its efficacy in resolving local water supply and water-use trade-offs was demonstrated using data from Sandia National Laboratory along with a water supply scenario projected by the World Resources Institute (WRI). The prototype model only passively utilized a forecast of power generation from an existing forecast; the model's choices were limited to purchases or retrofitting to meet future water supply constraints. NETL is continuing to integrate the water sub-module into the NEMS framework, which will allow active interaction between the water market and power markets, extending the industry's ability to re-dispatch its generating units with the price of water as one of the variable costs.
As part of this effort, NETL aims to develop tools and metrics that allow for a better understanding of power plant water utilization under potential water constrained futures. The result of this effort is to inform the direction of NETL research and development (R&D) to mitigate the impact of water availability threats on current and future fossil-fueled electric power generation capacity. 
Background
Inconsistencies between the growing U.S. electric demand and the availability of water resources required to meet the demand were recognized in several initial studies [1] [2] [3] . NETL investigated the potential water vulnerabilities for existing coal-fired power plants ca. 2007 and concluded that 70 percent of the coal-fired power plants were vulnerable to potential supply and demand concerns [4] . The water-electricity trade-off was further highlighted by subsequent studies [5] [6] that projected future water demands using a contemporaneous forecast of the energy mix. Since these earlier investigations, there have been a variety of system-level studies that have analyzed the implications of long-term energy production on water consumption. These studies varied in the degree of complexity, geographic resolution, time horizons, and intent [7] . Projected global trends in water withdrawal and consumption characteristics of fourteen regions over the 21st century under different socioeconomic scenarios including population growth, electricity demand, and climate change have been investigated in an integrated fashion using the global change assessment model (GCAM) [8] [9] [10] [11] . The overall U.S. water consumption was found to increase while water withdrawal was generally observed to be stable in these studies, which modeled the whole of U.S. as one region. Liu et al. [12] employed GCAM-USA to examine trends in water usage across the states within the U.S.
Earlier analyses to characterize U.S. water usage and demand have relied on the energy forecasts from NEMS through direct simulations or [13] [5] [14] [15] .
While integrated assessment models using the system dynamics approach have been applied on a global biosphere scale [16] , other studies [17] [18] [19] have applied the system modeling language to examine the impact of local water constraints on the interaction between a local electricity system with its regional municipal water and waste water systems. Multi-agent learning-based predictive models have also been suggested to investigate market level effects under stochastic demand conditions as well as under water and carbon dioxide taxes [20] [21]. The studies of Yates et al. [22] [23] [24] include detailed modeling of local watersheds using the water evaluation and planning (WEAP) model along with thermoelectric water usage predicted by the regional energy deployment system (ReEDS). Stillwell [25] evaluated the regional water trade-offs in the state of Journal of Water Resource and Protection
Texas including a consideration of local water rights.
Recognizing the strong regional dependence of the energy-water nexus, there has been a systematic development of tools to investigate the interdependencies using the regionally resolved ReEDS. Several studies [26] [27] have investigated water-energy constraints under different geographic resolutions largely based on the methodology proposed by Macknick et al. [28] . These models have been extended to look at the issue of water rights recently [29] . The Water Resource System (WRS), an extensive model of the U.S. water resources, has also been coupled with ReEDS model energy forecasts under the Massachusetts Institute of Technology Integrated Global System Model Framework [30] .
However, there have been no studies linking the NEMS platform to a water resource platform in a similar fashion. Accordingly, NETL has embarked on a program to include the impact of the cost and availability of local water resources into the decision framework of the widely used NEMS energy market modeling platform. The NWEM described in this paper passively couples a variety of data on water supply, water availability, and power plant water use with NEMS model outputs as a first step in the development of an actively coupled energy-water model.
Model Overview

Model Scope
The schematic for the simplified NWEM prototype is shown in Figure 2 
Model Design
The NWEM is a multi-period linear programming (LP) model that minimizes the cost of satisfying the demand for water in each Hydrologic Unit Code- The look ahead over the next 10 years allows for the proper cost comparison of the financing of long-term capital investments that reduce water usage over a long period to the costs of purchasing water over that same long-term horizon and allows for the reductions in water availability in the future to impact the retrofit decisions.
Retrofit decisions are made on an annual basis in MW of cooling capacity.
This allows for any season in that planning period using it once it is built. Additionally, retrofits built in earlier planning periods are available to use in future planning periods. As such, the cost of a given retrofit is spread out across all periods and seasons that derive benefit from it in the form of reduced expenditures on water purchases. Additional details in the form of a simplified example of a power plant's decision process related to the marginal cost of water can be found in a separate working paper [31].
Water Resources
A team of researchers with the Water Security Program at Sandia National La- Plants with missing water sources were assigned the same source type as the largest plant with the same fuel type within the watershed. Agriculture is assumed to derive its water from solely surface water sources (due to lack of additional data).
Cooling Technology
The primary use of water in thermoelectric power generation is related to the rejection of the waste heat. Commonly used techniques of heat rejection include once-through cooling, closed loop recirculation cooling, and dry cooling. Hybrid recirculation/dry cooling, which utilizes a combination of the dry and recirculation cooling techniques was not considered in the model presently.
1) Once-through cooling 2 The SNL database is available at http://energy.sandia.gov/climate-earth-systems/energy-water-nexus/data-modeling-analysis/water-a vailability-cost-and-use/ [2] . Journal of Water Resource and Protection
In this design, the coolant (water) is pumped at a high flow rate from a proximal water resource to exchange heat with the power cycle fluid (generally at the condenser) after the final extraction of power [32] . While the once-through cooling design requires a large amount of water withdrawal, depletion (consumption) of the water resources is generally low since most of the water, apart from small evaporative losses, is discharged back to the same or different water resource generally within the same region but at higher temperatures.
Although this design represents the least expensive cooling technology option, the power plant operation becomes closely linked with the local availability and temperature of the water resource, making the plant susceptible to droughts and to higher than normal water temperatures [33] [34].
2) Recirculating (wet) cooling system
In this design, unlike the once-through system, the water after absorbing the heat rejected from the power cycle, is cooled to close to the ambient temperature through evaporative heat transfer in a cooling tower before recirculation to the power plant as a coolant [32] . While the recirculation significantly lowers the amount of water that needs to be withdrawn from the water source, the water consumption is quite a bit higher. The cost of a recirculating system is higher relative to the once-through system due to the addition of cooling towers, water treatment, and management facilities [32] [33] [35] .
3) Dry cooling system
Using air via forced convection to directly cool the power cycle fluid eliminates the need for water withdrawal for cooling purposes (a small amount of make-up water will still be required in steam power plants due to regular boiler blow-downs). However, in addition to being significantly expensive (5 -6 times)
relative to even the recirculating system, [33] [35] there may be significant decrease in the performance of the system due to potentially higher heat rejection temperatures, especially during hot summers [36] .
Cooling Technology Representation in NWEM
Each existing power station with steam as the prime mover required an assignment of the current applied cooling technology. This assignment was made based on the data found in the UCS EW3 Energy-Water Database. 7 When the assignment was ambiguous, a set of rules were applied to assign the cooling technology. All new units are assumed to employ recirculating cooling initially to ensure compliance with Environmental Protection Agency Clean Water regulations.
In the case of the once-through cooling system, a significant portion of the water that is withdrawn is subsequently discharged, which can be reclaimed for other uses downstream. This is represented in the model by introducing a multiplier to the available surface water (surface, un-appropriated, and water purchased from agriculture), which allows a single gallon to be reused by several units at the same time. The multiplier attempts to model a limit for the discharge Journal of Water Resource and Protection water reuse due to thermal limits associated with water intake, discharge, and buildup in a watershed and to account for downstream evaporation due to elevated discharge temperatures. 
Power Plant Capacity and Generation
Use of Water Resources Institute Data
The WRI data are reported based on Global Drainage Basin Database (GDBD)
regions. The percentage changes in water availability through 2030 were approximated using the Total Blue Water WRI parameter, which is defined as the accumulated runoff upstream of the catchment plus the runoff in the catchment, for consistency with the reference Sandi data. Figure 3 highlights the percentage change in water available under the pessimistic scenario, which was chosen to highlight the model capabilities. This pattern of reduction of water availability was used to transform the Sandia data input to the NWEM, specifically the surface and appropriated water available. Groundwater, Brackish Groundwater, and
Municipal Wastewater availability are assumed to remain constant at their 2012
Sandia data levels throughout the forecast period. Factors affecting surface and shallow groundwater, such as precipitation, drought, etc. are not assumed to affect deep, brackish groundwater or municipal wastewater availability. 
Application of WRI Data to NWEM
Results
The NWEM results presented here serve as an illustration of the trade-offs considered by the model when subjected to the static generation forecast imposed by NEMS. More realistic scenarios could be projected with the additional choices of 
National
While the NWEM operates at a watershed level, the model decisions were aggregated over all watershed regions to discern the impacts at a national level (38 states). The total retrofits chosen by the model by cooling technology type are shown in Figure 5 , which indicates that a total of 1.8 GW of dry cooling (from recirculating) and 10.3 GW of recirculating cooling (from once-through cooling) were selected by the model over the forecast period. The model projects several retrofits in the first year, driven by an initial imbalance in the water supply and the projected water needs of the power sector.
The distribution of the model's selection of retrofits by basin level (HUC2) regions is shown in Figure 6 , which reveals that most of the retrofits were in the 
Detailed Results
Due to the localized nature of the water supply, the most interesting modeling insights are revealed at the watershed level. The following results focus on the Texas-Gulf basin where the largest numbers of retrofits were predicted.
Retrofits and Water Purchases
Several watersheds face reduced supplies of water under the pessimistic scenario in the Texas-Gulf basin. Figure 9 displays the distribution of the power plant cooling retrofits chosen by the model in the Texas-Gulf area by watershed as an economic solution to the projected scarcity of freely available surface water. The alternative of curtailing power plant dispatch will also be considered in the next phase of the NWEM development when it actively interfaces with the NEMS routines. As shown below in Figure 10 , even after retrofitting, the power stations operating in each watershed continued to use multiple sources of water, including purchases. The NWEM currently assumes that gradual retrofitting is possible although the model can implement other assumptions such as discrete retrofit steps at the unit-level.
The supply of water by source in the same watershed is shown in Figure 12 below. Albeit the surface water availability within this watershed reduces to a value of zero as we approach 2030 under the WRI pessimistic scenario, the overall availability reduces at a lower rate partially due to the water freed up (or not used) by the retrofitting power station (station 4576 in this case). As shown in the figure, the water that could be freed by additional retrofitting to recirculating Figure 11 . Changes in cooling tech-Navasota watershed. In response to the shrinking supplies, each end use sector (power stations and agriculture, in this case), adjust their water consumption. Figure 13 highlights the reduction in water withdrawal by the one power station that is continually expanding its shift to recirculating cooling (as shown in Figure 12 ).
In addition to reducing water withdrawal as shown above, Figure 14 highlights that by 2025 there is insufficient water available to meet the consumption needs of the power stations without purchasing water from the agriculture sector. Note that for the power station that is increasingly relying on recirculating cooling to reduce its water draw, the consumption of water did not change (i.e., the gallons per MWh of water consumed by pond and recirculating are set the same in this data set). purchase water to satisfy their needs. The model assumes that the agriculture water purchased to meet the draw needs of a power station is no longer available to agriculture.
Water Markets
A unique part of the NWEM design is its formulation around potential markets for water. This framework allows for the allocation of water based on its marginal value. In any given watershed there are frequently multiple sources of water such as brackish water (requiring treating at some cost), groundwater (again, potentially requiring treatment), appropriated water that can be purchased from its owner, unappropriated water, and water being used by agriculture. The calculations spanned across seasons to capture the significant water supply variation across seasons.
The NWEM selection of the combination of water sources that minimize the cost of water supply and use by the power stations over the planning horizon (10 years) can be utilized to construct a market supply curve for water. The black lines in Figure 16 and Figure 17 represent the water supply cost curve in the selected watershed.
In each of these figures, the charts on the left show the supply curves with appropriate scales to capture the associated quantities. The figures on the right show an expanded scale on both the axes to permit a closer inspection of the market clearing points and the associated implied market price.
As shown in Figure 16 , in the year 2020, the market clearing price was $0.21
per thousand gallons. The quantity purchased in this season and watershed was 8.27 million gallons. In this season, and year, the marginal cost of the water was tied to the retrofit to recirculating cooling.
In the year 2030, shown in Figure 17 , the market clearing price has increased to $0.81 per thousand gallons while the quantity purchased decreased to 4.0 million gallons. The water supply limit was 23 million gallons in 2020 and decreased Journal of Water Resource and Protection 
Discussion
Water use has become a significant issue in parts of the country including California and Texas, both of which experience significant droughts on a recurring basis. Under various scenarios, drought-and water-related issues could grow and become a more pervasive problem. Water is a key resource used by industry, municipal agencies and households, agriculture, power generation, and others.
As discussed in this paper, NETL's development of the NWEM represents a first step in developing a comprehensive framework that approaches water in the context of supply and demand within a market framework. NWEM is comprehensive both geographically and in its ability to flexibly address current and future water requirements across sectors. By addressing water in this manner, the NWEM offers insights into the relative value of water in differing applications and enhances the opportunity for better coordination among planners and policy makers. This paper discusses a prototype model that demonstrates the efficacy of the approach and reveals trade-offs from the power and agriculture sector's points of view. Since the prototype only passively utilized a forecast of power generation from an existing forecast, the model's choices were limited to water purchases or retrofitting to meet future water supply constraints. The need for modeling at the watershed level to resolve the highly local nature of the water resources is also demonstrated by the results.
In the next phase, NETL will integrate the water sub-module into the NEMS framework, which will allow active interaction between the water market and power markets extending the industry's ability to re-dispatch its generating units with the price of water as one of the variable costs. This option may be preferred economically in many instances to investing in retrofits or purchasing water from alternative sources. Additional efforts that are being planned include extending the water modeling to other energy sectors (e.g., oil and gas extraction) and enhancements to the industry and municipal water usage models with potential linkages to population and economic models. Additional water rights constraints can also be prescribed. The coupling with NEMS would also permit a life cycle analysis of regional water supply and consumption.
The NWEM model currently uses the Sandia data as a reference database for the analysis described. However, the model has been designed with the flexibility to accept water supply data with higher fidelity. The WRI data was employed in this first phase to demonstrate the efficacy of modeling different scenarios with respect to future water availability. Ultimately, the NWEM can be coupled to a more extensive water resource model such as the WEAP [22] or WRS models [30] , which can consider climate change effects in a dynamic fashion.
Conclusion
A simplified energy-water prototype model (NWEM) has been developed at NETL as a part of a larger effort to comprehensively model energy-water interactions. The NWEM passively couples a variety of data on water supply, water availability, and power plant water use with NEMS power generation forecasts. NWEM operates at a watershed level and its efficacy in resolving local water supply and water-use trade-offs were demonstrated using the Sandia data along with a water supply scenario projected by WRI. Since the prototype only passively utilized a forecast of power generation from an existing forecast, the model's choices were limited to purchases or retrofitting to meet future water supply constraints. In the next phase, NETL will integrate the water sub-module into the NEMS framework, which will allow active interaction between the water market and power markets, extending the industry's ability to re-dispatch its generating units with the price of water as one of the variable costs.
